We present a calculation of the neutrino-nucleon scattering cross-section which takes into account the nuclear correlations in the relativistic random phase approximation (RPA). Our approach is based on a quantum-hadrodynamics model with exchange of σ, ω, π, ρ and δ mesons. In view of applications to neutrino transport in the final stages of supernova explosion and proto-neutron star cooling, we study the evolution of the neutrino mean free path as a function of density, proton-neutron asymmetry and temperature. Special attention was paid to the issues of renormalization of the Dirac sea, residual interactions in the tensor channel, coupling to the delta-meson and meson mixing. In contrast with the results of other authors, we find that the neutral-current process is not sensitive to the strength g of the residual contact interaction. As a consequence, it is found that RPA corrections with respect to the mean-field approximation amount to only 10% to 15% at high density.
Introduction
Neutrino transport is a key ingredient to understand the mechanism of supernova explosion and the subsequent cooling of the proto-neutron star formed in the collapse. In the delayed explosion mechanism suggested by Wilson, the problem of shock stall can be overcome if sufficient energy is deposited by the neutrinos to revive the shock. It is seen in recent numerical simulations [1] [2] [3] [4] [5] [6] of core collapse that, besides other issues such as convection, the final outcome of the explosion depends sensitively on the rate of neutrino energy deposition.
The following stage of proto-neutron star cooling also depends on the rate of neutrino transport. This determines the shape of the neutrino signal emitted during the first few seconds of the proto-neutron star formation. It has also been suggested that the deleptonization could trigger an instability as the star cools down, and lead to the delayed formation of a black hole, in order to explain the time interval observed between the 8th and 9th neutrino detected in the explosion of the SN1987a supernova. It is thus important to refine the models, since we now begin to benefit from the observation of young-neutron-star surface temperatures, and of the upgrading of neutrino detectors such as SuperKamiokande, SNO or AMANDA (see, e.g. [7] ) to collect observational data from an eventual supernova explosion. While early calculations were only taking into account the nucleon mass reduction in the medium, important progress has been realized since then in order to include Hartree-Fock [10], random phase approximation (RPA) [11] [12] [13] [14] [15] [16] [17] or ladder [18] [19] [20] [21] [22] [23] [24] correlations. It is generally found that the neutrino opacities are suppressed by medium effects, if however no collective modes are excited [16] . As a matter of fact, the latter authors find a sizeable enhancement due to the excitation of a spin zero-sound mode, announcing a transition to a ferromagnetic state in a nonrelativistic treatment. Due to the degree of uncertainty existing on the equation of state of neutron star matter at high density, the existence of such a transition remains an open question, although it seems unfavored in a relativistic treatment. Even if no such instability exists, it is important to check the order of magnitude of the suppression factor to be applied to the scattering rate.
In order to asses the importance of some points raised in previous calculations, we present in this paper a new calculation of the neutrino-nucleon rate in dense, hot, asymmetric matter. After a short presentation of the 384 The European Physical Journal A relativistic meson exchange model and relevant formulae in sect. 2, we first perform a few calculations in a simplified model where the background matter is approximated by pure neutron matter. In particular, we examine the effect of the Dirac sea and of various renormalization procedures commonly used in the literature in order to subtract the divergences in the vacuum fluctuation term. As a matter of fact, calculations reported in [25] ascribed a sizeable correction due to this effect. In contrast, we found here only a minor effect on the size and position of the zerosound mode in the longitudinal component, which moreover gets washed out by Landau damping and integration over the exchanged momentum and energy. These results are presented in sect. 3.
We also studied the way of introducing the shortranged residual interaction in the tensor channel, which has to be taken into account in order to avoid the appearance of unobserved pion condensation at low density. In the non-relativistic formalism, this is commonly done by adding a Landau-Migdal contact interaction. In the relativistic case, this has been done by various methods, one being Horowitz's ansatz in the pion propagator [12, 26] . The authors of [13] , who are using this ansatz, reported their results to be very sensitive to the choice of the numerical value of the Landau-Migdal constant g . In the present work, we compare results obtained by this method, to those obtained from a more transparent and straightforward way of introducing this residual interaction through a contact Lagrangian. In contrast with [13] , we obtain that the dependence of the neutral current process on the value of g is extremely weak. We point out a possible explanation for the discrepancy with the authors previously quoted. We argue that the implementation of Horowitz's ansatz introduces additional unphysical contributions, besides the desired corrections to the π and ρ propagators. Once these spurious contributions are properly subtracted, the ansatz of Horowitz would then yield exactly the same results as the contact term Lagrangian. These results are presented in sect. 3.
In a second part of this paper, corresponding to sect. 4, we study the full model where the background matter is asymmetric. The proton fraction may be given as a fixed value, or be determined by β equilibrium in the two extreme situations of neutrino free matter Y ν = 0, or trapped neutrinos with a lepton fraction typical of supernovae Y L 0.4. Here we consider with attention the phenomenon of meson mixing, which has not been taken fully into account in some previous treatments. Indeed, in addition to the usual σ-ω mixing, the neutron-proton asymmetry also opens the possibility of σ-ρ and ω-ρ mixing in the case of neutral current relevant for neutrino-nucleon scattering. Finally, we consider here the contribution of the δ-meson. This meson is usually left out, since the σ, ω and ρ mesons are sufficient to describe the properties of nuclear matter at the mean-field level. In asymmetric matter, however, it can have a non-negligible contribution and it mixes with the σ, ω and ρ mesons.
2 Neutrino-nucleon scattering in the relativistic random phase approximation 2.1 Free scattering rate Two related processes are needed in order to calculate the mean free path and spectrum of neutrinos in matter. They are the neutrino-nucleon scattering through the neutral current
and the absorption (or creation by the inverse process) through the charged current
In either case, the neutrino-nucleon cross-section may be written as
We will concentrate in this work on the neutral-current process. Note that we do not include in this definition the Pauli blocking factor for the outgoing lepton. It will be taken into account in the final stage of the calculation, when we compute the mean free path of the neutrino in matter. In this formula, the tensor L µν represents the lepton current, coupled with the weak vertex Γ α W e = γ α (1 − γ 5 ). For neutral-current scattering with massless neutrinos, we have
K and K are the four-momenta of the ingoing and outgoing leptons. For neutral-current scattering we have K 2 = K 2 = 0. The scattering angle is defined by K · K = E ν E ν cos θ. E ν is the ingoing and E ν = E ν −ω is the outgoing lepton energy. The energy loss ω is the zero component of momentum exchange q µ = K µ − K µ . The structure function can be related to the imaginary part of the retarded polarization S µν (q) = d 4 xe iq·x J µ (x)J ν (0) = (5) −2 1 − e −z ImΠ µν R (6) and the differential cross-section takes the form
The factor (1 − e −z ) −1 with z = β(ω − ∆µ) arises from detailed balance. ∆µ is the difference between the chemical potential of the outgoing and ingoing nucleons. For the neutral-current process, one has ∆µ = 0. For the chargedcurrent process, ∆µ =μ = µ n − µ p . At the mean-field
